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SECTION II: UNIQUE MODALITIES FOR

NANOTHERAPEUTICS

Optimizing Nanoparticle Delivery of Chemotherapeutics

Alberto Gabizon?, PhD and Irene Ninh La-Beck?, MD

10ncology Institute, Shaare Zedek Medical Center

Hebrew University-School of Medicine, Jerusalem, Israel

2Department of Immunotherapeutics and Biotechnology, School of Pharmacy
Texas Tech University Health Sciences Center, Abilene, TX 79601

Chemotherapeutics in Cancer Therapy

hemotherapy can be defined as the use of cytotoxic drugs that attack or interfere

non-specifically with critical components of the cell. Chemotherapeutic drugs include

at least 3 well-known categories: agents that damage the DNA template directly or
indirectly; agents that damage microtubules; and, agents that inhibit DNA, RNA, or protein
synthesis (antimetabolites). In addition to their lack of specificity, various pharmacologic
factors seriously limit drug distribution and penetration to tumors and neutralize the activity
of chemotherapy. This group of agents could tremendously benefit from a delivery system
to improve its tumor specificity and reduce its toxicity to normal tissues. However, it is now
often questioned whether chemotherapy will be abandoned and replaced entirely with
biological and immunological therapies in the near future. While important advances have
been made in the areas of biological therapy and immunotherapy of cancer, chemotherapy
remains a critical tool of cancer treatment with a large contribution to cancer cures in the
adjuvant setting and an important contribution to life extension in the metastatic setting.
Improvements in safety and efficacy of chemotherapy are definitely a worthy endeavor
since they will have a dramatic effect on the well-being of our patients, their quality of
life during treatment, and their ability to face the hardship of therapy and complete
successfully the protocol regimes. Moreover, chemotherapy is also likely to remain an
important component of a multimodality therapeutic approach, together with biological
therapy and immunotherapy, to improve the antitumor response rates in a broad array
of cancer types. There are many examples of the continuing role of chemotherapy and its
critical added value to biological therapy. One of them is exemplified by the combination
of chemotherapy with anti-HER2 antibodies (Trastuzumab) in HER2-positive breast cancer,
which is required for optimal antitumor response. From a tumor response rate of only
12% for single agent Trastuzumab, the response rate climbs to 56% when doxorubicin and
cyclophosphamide are combined with Trastuzumab®. While this combination of doxorubicin
with Trastuzumab was problematic because of a major rise in cardiac complications, a
number of subsequent studies have shown that replacing doxorubicin with liposomal
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doxorubicin can avoid or minimize cardiac toxicity?. This example emphasizes the valuable

contribution of chemotherapy to targeted therapies and the need to refine the formulations
of chemotherapy for optimal results.

Towards “Smart” Chemotherapy with Nanoparticle Delivery

Nanomedicine is a platform to allow sophisticated and smart drug delivery within the
size window of a submicroscopic system that enables delicate and complex interactions
with cancer cells and their biological milieu. Nanoparticles and some macromolecules
are the main tools of nanomedicine?. Pegylated liposomal doxorubicin (PLD) was the
first nanoparticle-based cancer chemotherapeutic approved by the FDA. PLD together
with nanoparticle albumin-bound paclitaxel (NAB-paclitaxel) are probably the cancer
nanomedicines that have made, so far, the most important clinical impact*®, excluding
antibody-drug conjugates, generally considered to be a separate group of complex drugs.

Transforming the administration of a drug in free form, several angstroms across, into

a 100-nm diameter nanoparticle loaded with thousands of drug molecules and with ~1
million-fold greater volume is a formidable pharmaceutical challenge that will have major
pharmacological implications. However, from the clinical point of view, the only questions
that have any significance when using nanopharmaceuticals are: Is the safety profile of
the drug improved? Is the efficacy of the nano-engineered drug superior to the standard
treatment or best performing comparator? To achieve these objectives, the nanoparticle-
based approach should ideally fulfill two critical parameters:

a. Stable association of drug and carrier in circulation, and release of active drug in
tissues, at a satisfactory rate, for anti-tumor activity. This parameter appears to have
been satisfactorily met by pegylated liposomal doxorubicin (PLD)®.

b. Enhanced drug delivery to tumors via the nanoparticle formulation. For this to
occur, first, the nanodrug or nanopharmaceutical must have a long circulation time
to increase the number of potential passages through the tumor microvasculature.
Second, the nanoparticle physical size has to be in the optimal size regime to allow
extravasation across tumor blood vessels, which usually display higher permeability
than normal blood vessels. The size window that will exploit the difference in
permeability between normal and tumor blood vessels appears to be between 20 to
200 nm.

Successful control of these two parameters in the drug nano-formulation allows sparing
normal tissues from toxicity and in boosting the antitumor effect with an overall increase of
the therapeutic index. Some nanomedicines have failed to meet these requirements because
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of either short circulation time, poor drug retention, or insufficient drug release’™. Yet, other

nanomedicines have been able to make a positive clinical contribution despite only minor
changes in drug pharmacokinetics. This is the case of NAB-paclitaxel which avoids the acute
toxicities associated with Cremophor EL® vehicle used in solvent-based paclitaxel, and has
been found useful in various indications.

High microvascular
Nanoparticle- .
4| Drug Formulation | ~3 permeability is an
Optional: Optional: H
Micellar Insertion of y A Radiolabeling or other important and frequent
Targeting Ligands \\ . _ 'r Imaging agent feature Of tumors usuaIIy
%) Physico-chemical [
characterization referred to as Enhanced
J Permeability and Retention

(EPR) effect, and is a

In vitro tests: serum stability, cytotoxicity, cell uptake,...

Immuno-

Figure 1. Schematic model of a work plan for rational

J key component for
pharmacology studies |, __ In vivo tests: PK, Tissue/Tumor drug levels, N ::Z::ssgtl'::gs nanopa rticle tra nsport
(Tumor promotion, Toxicity EPR evaluation i
inhibition) 1 into tumors'®. EPR
| Therapeutic Efficacy | appears to be a particular
P feature of tumor-driven
Subcut. tumor models Metastatic models neoangiogenesis. While

EPR is observed in most

development of nanoparticle-based chemotherapeutics. models of implanted

experimental tumors,
large variations have been observed in human cancer depending on tumor type, tumor size,
tumor site, and other factors, such as previous chemotherapy, antiangiogenic therapy, and
radiotherapy. EPR may also be modulated by pharmacologic mediators. In some instances,
tumors or their metastases derive their blood supply by a process known as co-option of
normal blood vessels which results in blood vessels less permeable and less responsive to
anti-angiogenic treatments and, consequently, less likely to display the EPR effect!’. The high
response rate of Kaposi Sarcoma, a tumor with high vascular permeability, to relatively low
doses of PLD suggests that EPR is critical for the antitumor activity of nanodrugs. While this
hypothesis has a strong pharmacologic rationale, it has not been tested rigorously, and we
cannot discard that tumors with low EPR will still respond to nanodrugs better than to free
drugs.

Smart delivery of chemotherapeutics may be simply achieved by controlling release rate

of the active agent and by changes in tissue distribution, without necessarily including

a targeting component specific for cancer cells. In fact, all the nanopharmaceuticals
approved for clinical use belong to the non-targeted category. A scheme for development of
nanoparticle-based chemotherapeutics is shown in Figure 1.
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Targeted Nanomedicines

Our understanding of the molecular processes underlying the pathologic behavior of
cancer cells has progressed enormously in the last decade. Overexpressed receptors in the
membrane of tumor cells, may offer a potential Trojan horse for targeting specific ligands or
antibodies and delivering a cytotoxic drug cargo. Probably, the best example of a successful
clinical translation of this approach is the antibody-drug conjugate known as T-DM1 which
combines Trastuzumab, an anti-HER2 antibody, with emtansine, a potent and highly toxic
chemotherapeutic, and has conferred a significant disease-free survival advantage to
patients with HER2-positive breast cancer®.

Targeted delivery of a large payload of drug via ligand-directed nanoparticles to cancer
cell-specific receptors is probably the most valuable objective of nanomedicine. A
comprehensive and in-depth review of this subject has been recently published®®. Indeed,
the most logical improvement of nano-based drugs is the coupling of a ligand to the surface

of the nanoparticle to target to a
specific cell-surface receptor. This
would be followed by internalization
and intracellular delivery of

the small-molecule drug cargo.
Examples in this direction are the
targeting of PLD to HER2-expressing
or folate-receptor expressing cancer
cells using respectively a specific
anti-HER2 scFv or a folate conjugate
anchored to the liposome surface,
or the targeting of polymeric
nanoparticle of docetaxel to PSMA,
a marker of prostate cancer®?e,
Yet, another example is the tumor
vascular targeting of liposomes
with endothelium-specific peptides
associated to liposomes'’. A major
advantage of targeted nanocarriers
over ligand-drug bioconjugates is
the delivery-amplifying effect of
the former, which can deliver to

the target cell at a ratio of ~1000
drug molecules per single ligand-

[

Tumor Drug Carrier-mediated
Accumulation Immune Modulation

!

Anti-tumor Suppression of
Effects Anti-tumor Immunity

! l

Tumor
Progression
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Patient Outcome

Figure 2. Nanoparticle carrier interactions with the
immune system may suppress antitumor immunity,
thereby attenuating the antitumor effects of the drug
cargo. A mechanistic understanding of the mechanisms
of carrier-induced immune modulation will enable the
development of systematic tools that may help to realize

the full clinical potential of nanoparticle-based therapies.
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receptor interaction. In addition, the multivalent conjugation of targeting ligands on the

surface of nanoparticles is presumed to enhance binding to the desired target. Targeting
ligands, particularly small molecule ligands, can significantly enhance target-specific avidity
of nanoparticles by several orders of magnitude through multivalent interactions?3.

Interaction of Nanoparticles with the Host

Nanoparticles, including liposomes, are known to interact with the immune system to
varying extents®®. These interactions can affect drug pharmacokinetic parameters and

may have significant clinical consequences. The majority of intravenously administered
nanoparticles are rapidly cleared by the mononuclear phagocyte system (MPS) through
internalization by phagocytic cells such as hepatic Kupffer cells and splenic macrophages.
Notably, peripheral blood monocyte count and phagocytic function have been shown to
correlate with PLD clearance rates in patients'®, and similar correlations have been observed
with other pegylated liposomal formulations (S-CKD-602, and SPI-077) in preclinical rodent
and canine models®. Thus uptake and sequestration of nanoparticles in cells and organs of
the MPS is a major barrier limiting the circulation half-life and, hence, tumor accumulation
of carrier-mediated drugs.

In addition to interactions with the MPS, it is well established that nano-carriers interact
with serum proteins such as 1gG, IgM and the blood complement proteins, which contribute
to opsonization of the carrier and enhance clearance by the MPS. Importantly, activation

of complement proteins also generates anaphylatoxins (C3a, C4a, C5a) which can stimulate
release of inflammatory mediatiors by immune cells leading to complement activation-
related pseudoallergic reactions (CARPA) in swine and canine models, and several
formulations of nanoparticles in clinical use (Doxil, DaunoXome, AmBisome, Abelcet,
Amphocil) have been shown to cause hypersensitivity reactions consistent with CARPA.
Clinically, it was shown that PLD activates complement in the peripheral blood of cancer
patients and that the extent of complement activation correlated with the development of
acute infusion reactions?!. Therefore, undesired interactions with circulating serum proteins
can also affect the pharmacokinetics and tolerability of carrier-mediated drugs.

Coating of nanoparticles with poly-ethylene glycol (PEG) (“pegylation”) has become widely
used to reduce opsonization, improve stability in plasma, and prolong circulation time which
are important requirements for effective tumor targeting. However, these approaches may
not abolish immune reactions to nanoparticles. In addition, recent evidence suggests that
PEG is not immunologically inert. Several groups have demonstrated that the initial systemic
administration of pegylated nanoparticles induces production of anti-PEG IgM antibodies
that enhance immune recognition and clearance of the second dose of nanoparticles in
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preclinical models. Interestingly this “accelerated blood clearance” (ABC) phenomenon

has not been reported in patients and its clinical relevance is currently unclear. In fact, the
opposite has been observed in patients treated with PLD, where clearance rates decrease
with repeat administration, up to 30% by the third cycle??.

Recently, it was shown that nanoparticle-induced complement activation could promote
C5a-dependent tumor growth in tumor bearing mice, presumably through the recruitment
and activation of immunosuppressive leukocytes. Yet, the nanoparticles used in these
studies were intentionally designed to activate specific complement pathways?:. It is not
known whether clinically relevant nanoparticulate carriers, which activate complement in
the peripheral blood, also induce complement activation in the tumor tissue, or how this
impacts tumor growth. However, new evidence with a pegylated liposomal carrier similar
to the PLD carrier, showed that these liposomes significantly enhanced tumor growth in

an immune competent murine tumor model®*. This was associated with suppression of
antitumor immunity as indicated by blunting of cytokine production in tumor-associated
macrophages and cytotoxic T cells, and diminished tumor antigen specificimmune
responses. Moreover, tumor microvessel density was significantly increased, consistent with
enhanced angiogenesis. Collectively, these findings suggest that carrier-induced immune
modulation could attenuate therapeutic efficacy of the nano-encapsulated drug (Figure 2),
which may partially explain why there has been an insufficient improvement in anticancer
efficacy in many of the clinical studies with nano-drugs despite their major pharmacologic
advantages over free drugs®.

It is possible that during preclinical development, the prevalent use of rodent models with
immune defects and the dearth of in vivo immune functional studies may have downplayed
the consequences of the interactions between drug carriers and the immune system. It

is also possible that manufacturing of the nanomedicines themselves were not as pure

as initially thought with various solvents left behind in the formulations. Either way,
incorporation of fully immune competent tumor models along with systematic immune
functional studies may yield more accurate insight and analytical tools, that may help to
realize the full clinical potential of nanoparticle-based therapies®.

Cancer Nanodrugs in Clinical Use or Clinical Testing

Table 1 shows a list of nanoparticle-based drugs approved for cancer treatment by the FDA
and/or the EMA. As seen in Table 1, the number of nanopharmaceuticals in clinical use

has been slowly albeit steadily rising and includes chemotherapeutics of various classes,
such as anthracyclines, taxanes, vinca alkaloids, and DNA topoisomerase-1 inhibitors. Most
of these formulations are liposome based. Two of them, Depocyt and Mepact, are large
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liposomes above the ultrafilterable range and probably should not be considered bona

fide nanomedicines. Also included in Table 1 is NaL-Iri, which has not yet been approved
although it has completed phase 3 trials for the 2nd line therapy of pancreatic cancer and
met its primary objective of improved survival rates.

The early and positive preclinical and clinical experience with liposomal delivery of
anthracyclines is probably one of the reasons for the dominance of liposomes in the

field. Liposomes still remain as one of the most attractive particulate systems for cancer
nanomedicine applications. A liposome formulation of doxorubicin, PLD (known as
Doxil/Caelyx or Lipodox in generic version), is currently approved for various indications

and in wide clinical use®. PLD has significantly reduced acute toxicity, as well as cardiac
toxicity as compared to free doxorubicin precisely because of its unique pharmacokinetic
characteristics. Probably the most significant clinical value added of PLD is the evidence of a
major (~3-fold) risk reduction of cardiotoxicity as compared to free doxorubicin enabling risk-
free, extended treatment?.

In addition, many other promising nanochemotherapeutic products are under clinical testing
or about to be clinically tested. These include: polymeric nanoparticles of docetaxel in
targeted and non-targeted form which have a significantly different pharmacological profile
from the solvent-based docetaxel formulation; pegylated liposomal formulations of various
cytotoxic drugs including eribulin and a prodrug of mitomycin C; a HER2-targeted version of
PLD (MM-302); a low-temperature, release-sensitive, liposomal doxorubicin formulation;
and a liposome formulation of co-encapsulated cytarabine and daunorubicin at fixed molar

ratiol627-32

able ahopa e-pased prodad Or cancer approved b DA and/o A

Product

Indication in cancer

Pegylated Liposomal Doxorubicin

Kaposi Sa., Ovary, Breast, Myeloma

Liposomal Daunorubicin

Kaposi Sa.

NAB-Paclitaxel (Abraxane)

Breast, Lung, Pancreas

Liposomal Doxorubicin

Breast

Liposomal Vincristine (Margibo)

Adult A.L.L.

Low-pegylated Liposomal Irinotecan (NAL-IRI)

Pancreas (Phase 3 completed, awaiting NDA)

Liposomal Cytarabine (DepoCyt)

Lymphomatous meningitis

Liposomal Mifamurtide (Mepact)

Osteosarcoma
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The Future of Nanoparticle-Based Chemotherapeutics -
Quo Vadis?

Two fundamental aspects of nanomedicines remain to be clarified in upcoming years: we
need an improved understand of the interaction of nanoparticles with the immune system
and to learn how to manipulate it for the benefit of the patient; and, we need to understnad
how relevant is the EPR effect in human cancer, particularly in metastases, and what role
does it play in the performance of nanopharmaceuticals.

It is likely that we will witness a more extensive use of the

currently approved nanotherapeutics at the expense of Two fundamental
conventional use of chemotherapeutics. In addition, other

nanodrugs in clinical development may be approved in aSpeCtS Of

the coming years, expanding the classes of drug available nanomedicines

in nanopharmaceutical form. Nanodrugs designed to .

exploit the EPR effect best, with optimal stability and drug remain to be

release profiles, are likely to perform better although safety Clarified in
improvements will remain a key aspect dictating clinician

preference. The use of targeted nanomedicines is probably upcomlng yeal'Sl---

going to be on the rise, particularly when there is a need to

improve the cell uptake of a specific pharmaceutical agent.

The use of nanoparticles to deliver therapies, other than chemotherapeutic drugs, is
also foreseeable, especially for agents with problematic in vivo delivery. In the case of
siRNA, the nanoparticle protection is crucial. Recently published studies suggest that
for some biologic agents such as tyrosine kinase inhibitors®?, or, immunomodulators
such as aminobisphosphonates®, nanoparticle-based delivery may also improve their in
vivo performance in combination with chemotherapy or adoptive lymphoid cell therapy
respectively.

Another area where nanoparticles could have a future impact is co-encapsulation of drugs®>.
Synchronized co-delivery of drugs co-encapsulated in the same particle or encapsulated
separately in particles with identical physico-chemical and pharmacokinetic characteristics.
Ideally, the drugs chosen should have synergistic or complementary anti-tumor effects with
minimal overlap of toxicity profiles.

The co-administration, on the same nano delivery platform, of a therapeutic and a diagnostic
or tracking agent, such as a PET-emitting radionuclide, is referred to as a Theranostic. This
approach could enable real-time monitoring of the fate of a nanoparticle and its drug
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payload. In essence, providing an insight as to the degree of cancer targeting achieved in

each specific cancer individual. By imaging the nanoparticle, the EPR effect can then be
predicted in each specific case and correlated with clinical response. This would provide
direct clinical data to determine whether selecting patients based on their EPR tumor
activity could lead to improved therapeutic benefit of nanoparticle based therapy?®.

Finally, the use of nanomedicines in conjunction with loco-regional approaches to therapy
(e.g., hyperthermia, radiofrequency ablation, radiotherapy) is a small niche, but has
potential opportunities in specific applications that will increasingly attract clinical testing
and adoption®’.
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RNAi Therapeutics

Alexander H. Stegh, PhD
The Brain Tumor Institute, Robert H. Lurie Comprehensive Cancer Center
Northwestern University, Chicago, IL 60611

RNAi as a Tool for Precision Cancer Medicine

recision cancer medicine, i.e., the design of therapeutic regimens informed by

tumor genotyping, continues to be a central paradigm in modern cancer research.

The most recent FDA approval of crizotinib and vemurafenib for the treatment of
ALK-translocated lung cancer and BRAF-mutated melanoma, represents the latest proof-
of-concept that oncogenomics-driven drug design can improve cancer prognosis®**. High-
throughput interrogations of cancer genomes have evolved with unprecedented pace.
Bioinformatics, functional cancer biology and genetics continue to identify oncogenes
and tumor suppressors that drive or contribute to the pathogenesis of cancer. The design
and clinical testing of small molecules inhibiting ‘druggable’ targets, such as BRAF or ALK,
embodied the initial promise of precision medicine, but the vast majority of the dauntingly
complex oncogenome has yet to be translated into meaningful therapeutic strategies. How
can the activity of multiple unprecedented, non-enzymatic targets with unknown modi
operandi be modulated?

RNA interference (RNAi) comes to mind, as a potent mechanism to silence aberrant
oncogene expression by blocking the translation of their encoding mRNAs. Without

prior knowledge of oncogene function, sequence-specific microRNAs (miRNAs) or small
interfering (si) RNAs can be designed to selectively target oncogenic pathways, which

drive unabated growth, apoptosis resistance, neo-angiogenesis and enhanced migration/
invasion of tumor cells. siRNAs are generated by cleavage of long double-stranded (ds) RNAs
into ~20 nucleotide-containing siRNAs by the enzyme Dicer. Unwinding of siRNAs into two
single-stranded (ss) RNAs, incorporation of the guide strand into the RNA-induced silencing
complex (RISC), and binding of siRNAs to complementary mRNAs triggers the degradation of
endogenous mRNA by Argonaute, the catalytic component of the RISC complex (reviewed
by Hannon and Rossi 2004)%. Structurally similar to siRNAs, mature miRNAs are non-coding
RNAs, which typically exhibit incomplete base pairing to the target mRNA, and inhibit
translation of multiple mRNAs via binding to their untranslated regions (reviewed by Di Leva
et al. 2014)*. Thus, the level of expression of single miRNAs can influence multiple biologic
processes. In contrast, siRNAs bind the coding portion of the mRNA with complete base-
pair match and induce mRNA cleavage only in a single, specific target. Due to the negative
charge of the RNA backbone, siRNA or miRNA oligonucleotides require delivery systems to
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overcome negatively charged membranes, and to prevent rapid renal and hepatic clearance,

the degradation of si/miRNAs by nucleases, and toxicity and immunogenicity of the RNA
payload.

Preclinical Evaluation of RNAi-Based Therapeutics - Recent
Developments Utilizing Nano-Enabled Approaches

The first clinical proof-of-concept that systemically delivered siRNA reduce oncogene
expression via an RNAi mechanism in humans?** motivated the development of several RNAI
delivery platforms, which target a wide array of oncogenes in many different cancers.

Spherical nucleic acids (SNAs) (i.e., 13 nm polyvalent gold nanoparticles functionalized with
siRNAs or miRNAs) were preclinically evaluated to deliver Bcl2-Like12 (Bcl2L12)-targeting
siRNAs (Figure 3) and mature miR-182 sequences to intracranial glioblastoma**4. Bcl2L12

is potent caspase and p53 inhibitor with

near ubiquitous expression in primary

GBM specimens*. miR-182 is a tumor
suppressive miRNA, which regulates
apoptosis, growth and differentiation
programs via transcriptional repression of
Bcl2L12, c-Met, and Hypoxia Inducible Factor
2 alpha (HIF2a) to enhance therapeutic
susceptibility, and to decrease expansion
and multipotency of glioma-initiating cells*.
siBcl2L12 and miR-182-based SNAs robustly
penetrated glioma-initiating cells via

Cores H H
a) Metal-Based: Gold (Au), Silver (Ag), Iron Oxide (Fe3Oa), scavenger rece ptO r-medlated endocyt05|s.

Q t Dot (CdSe, ZnS), Plati Pt), Palladi Pd), C -shell . . . .
BSI02, aaosnaliyy ) anum (P), Palladium (Pa). Gore-shell | 1 an in vitro blood-brain barrier (BBB)

b) Metal-Free: Silica (SiOz), Polymeric, Liposomal, Cross-linked model invoIving the co-culture of human

Oligonucleotides (hollow)

primary brain microvascular endothelial

Oligonucleotides .
DNA, RNA, LNA, or PNA cells separated from astrocytes by a semi-

(5’ or 3’)-Recognition Sequence-Spacer-Attachment Group . .

permeable filter insert, Cy5.5-labeled
Recognition Sequence: DNA or RNA complementary to target i
mRNA of interest SNAs passed through the endothelial cell
Spacer: A1o, T10, PEG

Attachment Group: SH, N3, NH2, COO, Tocopherol

layer and filter, and rapidly entered the

Figure 3. Schematic representation of a Spherical astrocytes. Systemic administration into
Nucleic Acid (SNA) nanoconjugate. The surface of Sprague-Dawley rats and non-human

a variety of different core materials including metal . .
v . ! & primates have not resulted in SNA-related
nanoparticles (e.g., Au, Pt), liposomes and polymers,

differences in body or organ weight, nor

can be functionalized with highly oriented nucleic acids
(Reprinted with permission from Barnaby et al., 2015)>*. in an inflammatory response in the brain
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or in reticuloendothelial system (RES) organs, as shown in published*, and unpublished
data. Importantly, si/miRNA-based SNAs crossed the blood-tumor barrier and accumulated
in glioma elements relative to normal brain tissue likely via enhanced permeability and
retention of the tumor-associated vasculature. Accumulation and pervasive dissemination
into extravascular tumor parenchyma translated into robust intratumoral protein
knockdown, increased intratumoral apoptosis, impaired tumorigenicity, and prolonged
survival of GIC-derived xenogeneic mice*4,

Jacks and colleagues developed a combinatorial RNAi regimen using lung-targeting
polymeric nanoparticles made of low-molecular-weight polyamines and lipids to deliver
siRNA and miRNA mimetics to lung adenocarcinoma cells in vitro and to tumors in a
genetically engineered mouse model (GEMM) driven by KRas activation and p53 deletion®.

The lead compound is a nanoparticle with multilamellar ~ cccorrereeirriiiiiiiiieen, .
structure, which was synthesized by reacting with a

15-carbon lipid tail in ethanol®, mixed with C ,PEG AccumUIHtlon

2000°
Delivery of miR-34a and siRNAs targeting KRas reduced lung and pervasive
cancer progression more effectively than either small RNA . . .
alone, and synergized with cisplatin-based chemotherapy to dlSSGmlnatIOH

prolong survival of animal subjects®. intO eth'avaSCUlal'
Bhatia and colleagues developed a tumor-penetrating tumor parenchyma
nanocomplex (TPN) with siRNAs specific for the ovarian t .
ranslated into

cancer oncogene inhibitor of DNA binding 4 (ID4)%. For
tumor delivery, the nanoconjugate was co-functionalized robust intratumoral
with a tandem tumor-penetrating and membrane- .

. o . protein
translocating peptide, which enabled robust and pervasive
delivery of siRNA to the tumor parenchyma. Subsequently, knockdown...
treatment of ovarian tumor-bearing mice with ID4-specific
TPN suppressed growth of the established tumorsand ~ ~ 7 7 77T m e
significantly improved survival. Similar to TPN-mediated ID4 knockdown, inhibition of the
DNA repair enzyme poly(ADP-ribose) polymerase 1 (PARP1) with siRNA-based lipoids is an
effective treatment for ovarian cancer. Intraperitoneal (i.p.) administration of siPARP1 lipoids

promoted apoptosis, and increased animal subject survival in BRAC1-deficient, but not the
wildtype allografts in vivo®3.

Using a genetically engineered breast cancer model, driven by SV40-large T antigen under
the control of the C3(1) component of the rat prostate steroid binding protein (PSBP) to
direct SV40 expression to the mammary gland, computational gene network modeling

identified HoxA1 as a putative driver of early breast cancer progression. RNAi-mediated
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suppression of HoxA1 in mammary tumor spheroids increased acinar lumen formation,

reduced tumor cell proliferation, and restored normal epithelial polarization. In vivo,
intraductal delivery of siRNA-based lipoid nanoconjugates targeted to HoxA1l into FVB
C3(1)-SV40TAg mice triggered robust reduction of breast cancer progression associated with
reduced cell proliferation rates, and sustained expression of estrogen and progesterone
receptors>>.

Future Challenges and Directions

The confluence of progress in many different areas of cancer research, i.e., high-throughput
oncogenomics, the development of physiologically relevant cell and animal models as
testing platforms for gene function and gene-specific therapeutics, and the emergence

of RNAi-based nanotechnological strategies, have positioned the field well to implement
precision cancer nanomedicine into clinical practice. With currently 24 different RNAi-based
therapeutics in 43 different clinical trials, critical questions and challenges for the next 5 to
10 years have become very apparent, i.e., to identify the most critical target genes that drive
or contribute to cancer initiation, progression, metastasization and therapy refractoriness,
as well as to further improve and comprehensively evaluate efficacy, specificity, and
biocompatibility of RNAi nanotherapeutics in the most relevant cell and animal models.
Specifically, several important areas for development include the following.

RNAi Nanoconjugates as Tools for Discovery Sciences

With the number of gene aberrations ranging from thousands to hundreds of thousands,
the genomic and genetic landscape of cancer is complex. Only a subset of genes drive
the initiation and maintenance of cancer. In addition, tumors show specific, spatially and
temporally controlled genetic changes, which are influenced by cooperative oncogenic
and tumor suppressive signatures, and further modulated by heterotypic tumor-stroma
interactions, and patient-specific germline mutations. Genome-wide RNAi and cDNA
complementation screens are constantly evolving to determine cancer gene function and
their genetic context, and will continue to provide lists of candidate genes that require
further in-depth testing in cell and animal models. For preclinical evaluation, established
or patient-derived cancer cells, together with murine cancer cell lineages are engineered
to over- or underexpress the gene of interest, and these cell systems are then channeled
into a variety of functional assays determining the impact of gene dosage on cellular
transformation, growth, apoptosis sensitivity and migration/invasion. By orthotopically
injecting these cell systems into immunocompromised or syngeneic hosts, subsequent in
vivo experiments then evaluate the impact of cancer gene overexpression and knockdown
on tumor progression. Nano-RNAi should be developed as a tool for discovery science to
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evaluate gene function and its impact on cancer progression in cells in vitro and in animal

models in vivo. Instead of generating cell transfectants stably or transiently expressing small
hairpin (sh) RNAs and siRNAs, or engineering cells with a gene-specific knockout harnessing
the CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 technology,
RNAi-based nanoconjugates can be administered to cells, graft and genetically engineered
cancer models, to determine cancer gene function in vivo.

Further Developing RNAi-Based Nanotherapeutics

While a plethora of RNAi-based nanoconjugates have

emerged in the past 10 years as fundamentally novel classes ...nanomedicinal

of therapeutics that can robustly and safely delivery RNAI

to tumor sites, structure-activity relationships that dictate evaluations typlcally
nanomaterial activity (RNAi delivery to cells, target gene fOCllS on a deﬁned

knockdown) are only beginning to emerge. This incomplete
understanding is based in part on the difficulty in generating subset of candidates
structurally .deﬁned materials, and in ra.pldl.y evaluatl.ng Only.

the cellular impact of these nanomaterials in a massively
parallel fashion. Design rules have to be determined that ... ... i .
optimize the development of RNAi nanoconjugates for therapeutic applications. Unlike
small molecule-based therapeutics, where millions of compounds are surveyed in an

initial high-throughput screen, and thousands are tested under optimized conditions in
various cell culture models, nanomedicinal evaluations typically focus on a defined subset
of candidates only. Furthermore, deep mechanistic and biological studies are required

to fully understand some of the fundamental properties underlying gene knockdown (is
gene knockdown truly mediated by an RNAi mechanism, or is it due to rather unspecific
toxic effect of the conjugate?) cellular entry, endosomal escape, tissue dissemination, and
low-level cellular and organismal impact. With more comprehensive screenings of cancer
cell-specific surface markers, the modification of RNAi nanoconjugates with ligands or
antibodies to facilitate tumor-specific uptake, beyond the EPR effect, has to be optimized

to further increase conjugate efficacy while reducing the potential for adverse side effects
associated with systemic administration. Due to the dependence of the cancer phenotype
on multiple deregulated pathways, co-extinction strategies have to be developed that
concomitantly silence multiple oncogenes and oncogenic pathways. In particular, the
concept of therapeutic synergy between siRNAs and miRNAs has to be exploited further,

as recent study in ovarian and lung cancer showed significant cooperativity in reducing
tumor progression when compared with either monotherapy alone®®*®. The design of such
combination therapies, and the development of multimodal si/miRNA nanoconjugates have

to be optimized, and evaluated in vivo for efficacy, pharmacokinetics, pharmacodynamics,
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and toxicology in the relevant grafts and GEMMs. Finally, we have to understand and harness

synthetic lethal interaction of si/miRNAs with conventional chemotherapy (e.g., DNA-
damage-inducing agents), targeted pharmaceuticals that inhibit critical driving oncogenes,
such as (receptor) tyrosine kinases, and possibly immunotherapies. It will be critical to
determine the molecular mechanisms that act as roadblocks preventing chemo- and RTK-
targeted therapies from inducing tumor-specific apoptosis and regression, and enabling
cancers to escape immune surveillance. We then can target these roadblocks using RNAi-
based nanomaterials, and can envision using hybrid conjugates co-functionalized with
chemotherapeutics, small molecules, biotherapeutic antibodies and si/miRNA sequences to
concurrently target driving oncogenes and their downstream signaling.

Milestones to address these critical areas that researchers should be able to be achieve over
the next 5-10 year time frame include many aspects. In the next 5 years, researchers will
comprehensively determine structure-function relationships of RNAi nanoconjugates with
high-throughput methods; determine the potential synthetic lethal interaction between
cancer genes and extant chemo-/targeted therapies to identify those genes required for
therapy resistance; develop and preclinically evaluate multimodal nanoconjugates for the
concurrent delivery of small RNAs and chemo-/targeted therapies; preclinically develop
combination regimens of immunotherapies and RNAi-based nanomaterials; and develop
RNAI nano-conjugates as tools for discovery sciences to characterize oncogene function

in cells and animal models. Looking further ahead over the next 10 years, researchers will
perform clinical testing of multiple RNAi-based nanoconjugate combinations, in conjunction
with established therapies; and potentially there should be FDA approval of several RNAi
conjugates and RNAi-based combinatorial regimens.
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X-ray Induced Photodynamic Therapy

Hongmin Chen, PhD and Jin Xie, PhD
Department of Chemistry
University of Georgia, Athens, GA 30602

Introduction to X-PDT and its Importance to Oncology

hotodynamic therapy (PDT), as a relatively new cancer treatment methodology,

has attracted wide attention. PDT uses a photosensitizing drug that is activated by

exposure to light of a specific wavelength. While they display minimal toxicitiy in the
dark, photosensitizers, upon light activation, produce cytotoxic reactive oxygen species such
as singlet oxygen ('0,) and hydroxyl radicals, leading to cancer cell death. PDT is minimally
invasive and highly selective. Unlike ionizing radiation, PDT can be applied repeatedly to
the same diseased sites without causing incurred resistance. PDT can also be applied in
conjugation with other treatment modalities to facilitate tumor management. For instance,
PDT is being evaluated in the clinic to treat prostate cancer patients who have failed
radiotherapy.

One major limitation to PDT, however, is the shallow penetration depth. Even with new
generations of photosensitizers, it is challenging for PDT to treat tumors of large volumes
(> 1cm3) or ones located deep under the skin. This restraint is a major cause behind the
limited impact and current role of PDT in the clinic. To address the issue, there have been
many efforts on developing two-photon PDT and upconversion nanoparticle-mediated PDT.
However, because the excitation source is near-infrared light, their potential therapeutic
outcomes are still heavily surface-weighted.

Very recently, our group and others have exploited the possibility of using X-ray as an energy
source to activate PDT. We termed this methodology X-ray inducible PDT, or X-PDT. Unlike
visible or near-infrared light, X-ray affords excellent tissue penetration ability and is widely
used in clinical diagnosis and therapy. X-PDT can thus, to a large degree, transcend the depth
limitation of conventional PDT (~ 1 cm), permitting deep-tissue therapy®’. For X-PDT to work,
there are several requirements. First, a scintillating transducer, which converts X-ray photons
to visible photons. Second, a photosensitizer, whose excitation wavelength is well matched
to the emission of the scintillator. Third, a carrier, which can co-deliver the scintillator and
photosensitizer, and ensure that the two components are spatially close enough for efficient
energy transfer. As simple as it sounds, it is difficult to meet all three requirements using
conventional methods.
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nanosystem, consisting of a nanoscintillator core made of SrAl,O

Solid silica Mesoporous silica

Figure 4. X-PDT, mediated by

MC540 loaded and silica coated

SAO nanoparticles (or M-SAO@SiO2
nanoparticles). Upon X-ray irradiation,
SAO works as a transducer, relaying
energy in the form of X-ray excited
optical luminescence (XEOL) to MC540
to activate it and produce cytotoxic
102. M-SAO@Si02 nanoparticles can
be conjugated with a tumor targeting
motif to further enhance the selectivity
against cancer cells (Reprinted with

permission from Chen et al, 2015).
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This puzzle is solved by advances in nanotechnology, which allow for preparation of

nanoscale scintillators and carriers. Figure 4 shows an example of such an integrated

,:Eu (SAO), a photosensitizer

merocyanine 540 (MC540), and a silica capsule that encapsulates the two. Upon X-ray
irradiation, the SAO core converts X-ray photons to visible photons via a physical
phenomenon known as X-ray excited optical luminescence (XEOL). Due to excellent spectral
overlap between the emission and the excitation of MC540, the photons emitted by SAO are
absorbed by MC540 deposited in the silica matrix. This produces reactive oxygen species,
including hydroxyl radicals and singlet oxygen (*0,), causing death of cancer cells.

Current State of the Art in X-ray Inducible PDT

The number of studies on X-PDT is relatively small but is increasing. In addition to this
group’s work, other groups have exploited different scintillator materials using similar or

different designs. For instance, the Chen group has
investigated X-PDT with Cu-cysteine®, LaF :Ce*,
and ZnS:Cu,Co®. The Shi group reported that
Ce(lll)-doped LiYF,@SiO,@Zn0 nanoparticles
upon ionizing irradiation can generate hydroxyl
radicals to kill cancer cells®t. Recently, Kotagiri
et al. observed that Cerenkov radiation from
radionuclides can be harnessed to activate

TiO, nanoparticles, an oxygen-independent
nanophotosensitizer, to produce radicals and kill
cancer cells®.

X-PDT treated cells often display blebbing,
swelling, and morphology changes, suggesting
PDT-induced necrosis as the dominant cell

killing mechanism. This is different from ionizing
irradiation, in which cell death is often caused

by apoptosis. However, it does not mean that
there is no contribution of ionizing irradiation

in X-PDT. While 'O, is produced in nanoparticle-
rich compartments such as the cell membrane
and endosomes/lysosomes, other organelles are
under the impact of ionizing irradiation. Hence,
X-PDT is essentially a combination therapy of PDT
and ionizing irradiation. Previously, several groups
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have studied PDT and radiation combination therapy and observed a synergistic effect

between the two®*. This is because the two modalities act on different targets: PDT often
damages cell membranes whereas ionizing irradiation targets DNA. Due to distinctive cell
killing routes, each modality suppresses the cell repair mechanism of the other, leading to
enhanced treatment outcomes. The same synergy is believed to play a role in X-PDT.

From this perspective, X-PDT is not only a PDT derivative, but also a type of radiation therapy
derivative. It however, affords several benefits over conventional ionizing irradiation. First,
X-PDT can kill cells that are resistant to radiotherapy (e.g., glioma cells®’). This is because
the main cell killing mechanism of X-PDT is PDT-induced cell damage rather than radiation
caused DNA damage. Second, low irradiation doses. Like PDT, X-PDT achieves good tumor
control within in a few or even single treatment sessions®. The total irradiation dose is
often less than 10 Gy. The dose is much lower than traditional radiotherapy, in which case a
total dose of 60-80 Gy is often needed® . Third, low irradiation dose rates. It is known that
irradiation induced toxicities are positively correlated to dose rates®. In X-PDT, irradiation
doses per fraction are often comparable to conventional radiotherapy (e.g., 2-5 Gy);
however, the irradiation is given out over a span of 15-30 min (typical for PDT), as opposed
to minutes or even less in radiotherapy. This leads to dramatically lowered dose rates and
potentially reduced toxicities. Fourth, high selectivity. In X-PDT, the treatment is mediated
by not only irradiation but also the respective nanotransducers. With proper surface coating
and by conjugating with a tumor targeting ligand, nanotransducers may accumulate in
tumors with high efficiency. This dual selectivity, in conjugation with low irradiation doses
and dose rates, are expected to minimize normal tissue toxicities, a major concern in
radiotherapy.

Future Scientific and Clinical Developments

While X-PDT has demonstrated good efficacy and benefits, there is a lot that we don’t know
about this new therapeutic modality. As discussed above, X-PDT is essentially a combination
therapy of PDT and ionizing irradiation. However, exactly how the two modalities interplay
and whether we can improve the synergy by tuning irradiation parameters and/or changing
nanotransducer targets is largely unknown. These need be elucidated in future studies.

The nanoscintillator is the key to X-PDT. It will be important to exploit ways to improve
their energy conversion and safety profiles. These include: (1) change scintillator materials
to ones that have a larger X-ray absorption cross-section and higher X-ray-to-visible-
photon conversion efficiency as well as optimized spatial positioning of the molecular
entities involved; (2) reduce the overall size of the nanotransducers; this however, should
be balanced against the loss in energy conversion efficiency. It is noted that many of the
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"""""""""""""""""""""" : reported nanotransducers in X-PDT have a relatively large

One solution to

size, which is suboptimal to tumor targeting; and (3) strike a
balance between short-term stability and fast biodegradation

the problem is to of nanoparticles. Many scintillator materials are hydrolytic,

use coatings to

quickly reducing to constituent ions when exposed to
water. Water resistant scintillators do exist, but then the

coat hydrolytlc issue becomes the too slow degradation in vivo. One

scintillator cores

solution to the problem is to use coatings to coat hydrolytic
scintillator cores so as to slow down, but not prohibit

so as to SlOW down, hydrolysis. Taking SrAl O,:Eu nanoparticles for instance,

but not prohibit

it was found that after silica coating, the particles can
maintain stability in physiological environments for 3-7 days

hydrolysis_ and are then gradually degraded. Other materials/coating

strategies should be exploited to modulate the stability and

..................................... . degradation of Scinti“ators I-n Vivo.

So far, X-PDT has been demonstrated mostly in vitro or with subcutaneous models. In
future studies, it is important to evaluate the methodology in more clinically relevant tumor
models. X-PDT holds the potential of clinical translation as an alternative to irradiation
therapy in the next 10-15 years. It is important to compare the two modalities in the clinic
to assess benefits and drawbacks of X-PDT with regard to treatment efficacy and side
effects. It is also interesting to evaluate the capacity of X-PDT to treat tumors refractory to
or ones that have failed radiotherapy. In radiotherapy, pre-treatment functional imaging
(e.g., PET) is often performed to stage tumors and guide irradiation planning. However,
functional imaging is not permitted in an irradiation room, and a change in patient position
from prescans may occur, leading to setup errors. Many scintillator materials contain high-
Z-value elements, making them visible under on-board CT. It is thus possible to use these
nanoscintillators to not only regulate PDT but also guide the irradiation so as to minimize
normal tissue damage. These possibilities should also be investigated to facilitate clinical
translation of X-PDT.
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Targeting Undruggable Targets

Anil K. Sood*, MD and Gabriel Lopez-Bernstein?, MD
1Department of Gynecologic Oncology and ?Department of Experimental Therapeutics
University of Texas MD Anderson Cancer Center, Houston, TX 77030

The Importance of Targeting Undruggable Targets to Cancer
Research/Oncology

ver the last few decades, advances in surgery, chemotherapy, and targeted drugs

have led to improvements in progression-free and overall survival increases for

many cancer types’®. However, cure rates have remained largely unchanged. To
accelerate the gains in clinical outcomes, large-scale efforts such as the Cancer Genome
Atlas (TCGA), Clinical Proteomic Tumor Analysis Consortium (CPTAC), Cancer Target Discovery
& Development (CTD?), and others were launched. These efforts have produced very high
quality data due to the stringent requirements for sample quality and have clearly increased
the pace of discovery for novel targets. However, to date, most of the knowledge is
correlational in nature and large-functional data are needed. Challenges to rapid translation
include the need for rapid, reliable, and effective functional data. While genetically
engineered mouse models (GEMMs) remain a key tool in our armamentarium to determine
the effects of various molecular pathways on biological processes, such models can have
limitations (e.g., lengthy time, expense) and do not always reflect the biology of advanced
stage human tumors. Therefore, other approaches such as 3-D, patient-derived xenografts,
and orthotopic model systems remain an important component of biological validation and
drug development.

The growing knowledge from the large-scale “omics” efforts has produced highly complex
maps of genetic dysregulation in cancers. Moreover, these functional and biological systems
have produced a plethora of targets that appear attractive for therapeutic development.
However, many of the targets are not druggable by conventional strategies. Many
important targets are difficult to inhibit with small molecules and furthermore require
lengthy development phases that often fail. In addition, many small molecule inhibitors
lack specificity and can be associated with intolerable side effects. While monoclonal
antibodies have shown substantial promise against specific targets (e.g., VEGF, EGFR), their
use is limited to either ligands or surface receptors. Some oncogenic proteins (e.g., Ras)
activate pathways leading to altered transcription while others (e.g., Myc) are themselves
transcription factors that directly control the expression of genes essential for proliferation,
survival, and metastasis. Attempts have been made to develop pharmaceutical inhibitors
against some of these factors, but many are still widely considered “undruggable”.
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Figure 5. Strategies for targeting
undruggable targets that rely on careful

target discovery followed by developing
nanoparticle systems that allow for
highly efficient systemic delivery into

the tumor microenvironment while
sparing delivery into normal organs
such liver, kidneys and heart (Reprinted
with permission from Wu et al., 2014).
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Collectively, these and other observations have led many investigators to consider
alternative strategies, such as RNA interference (RNAI), for inhibiting these targets.

Current Status in the Targeting of Undruggable Targets

Since the first report of RNAi in the late 1990s, there has been a massive expansion in efforts
to apply it for therapeutic applications. Among these, short interfering RNA (siRNA) allows
for highly selective silencing of target(s) of interest. Non-coding RNAs such as microRNAs
(miRNA) can be used to target a larger array of targets. Moreover, combinations of siRNA
and miRNA offer opportunities for “co-extinction” to maximize therapeutic efficacy while
avoiding activation of redundant/compensatory pathways. While the promise of RNAi-
based therapeutics is enormous, challenges (e.g., potential off-target effects and toxicity,
requirement for delivery, endosomal uptake, activation of adaptive pathways) also exist’*.
Among these, perhaps the biggest challenge is achieving efficient systemic delivery. Naked
siRNA becomes degraded rapidly and cannot be delivered into the tumor efficiently.

However, these are precisely the kinds

of concerns that can be overcome with
biocompatible nanotechnology platforms.
Already, several such platforms have yielded
promising results in both pre-clinical and
clinical settings for oncological and other
clinical needs. For example, Davis and
colleagues demonstrated in a landmark
paper the ability of a cyclodextrin-based
nanoparticle (CALAA-01) to deliver RRM2-

targeted siRNA in patients with melanoma®.

Other studies with delivery of miR-122 for
HCV infection’ and lipid nanoparticles for
delivery of siRNAs targeting VEGF and KSP
in cancer patients have also demonstrated
promising clinical results”. The DOPC
nanoliposomal platform has already shown
promise for delivery of Grb2-targeted
anti-sense nucleotides’ and has also been
introduced into phase 1 testing for EphA2-
targeted siRNA. Additional platforms are
likely to build on these initial experiences
and allow for robust delivery of RNAI-
therapeutics.
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The success of RNAi-therapy depends, in part, on careful selection of targets for such

approaches and delivery to the appropriate sites. Several key targets (e.g., KRAS, MYC) are
already widely considered to be important. Additional efforts in the selection of targets,
have incorporated systems biology approaches where genomic and proteomics screens can
be merged with functional and clinical data to identify the highest priority targets”’¢. In
such an approach, following a systematic effort aimed at target selection, validation studies
are carefully carried out (Figure 5). The biological validation studies are ideally carried

out in a portfolio of model systems that can recapitulate human disease and hopefully
inform success and potential for toxicity in subsequent clinical studies. The nanoparticle
systems should be selected based on several criterial including biocompatibility, efficiency
of delivery, safety profile and pharmaceutical feasibility (e.g., ability to scale-up, nucleotide
incorporation and cost efficiency).

Future Scientific and Clinical Developments

We are clearly at a crossroads of a massive amount of
information and a need to converge disciplines to understand

the biological and clinical significance of such data. The One ma]0r future
ability to convert such data into personalized medicine opportunity will

regimes is still in its infancy. Success will require multi- be in improving

disciplinary teams that include biomedical engineers, cancer

biologists, pharmacologists, and translational as well as frequency of dosing

clinical scientists.

The achievements so far have demonstrated important Of Clinical trials_
proof-of-concept studies for RNAi-based therapeutics and

and careful planning

have identified opportunities for future work. One major =~ cccerrerreriiriitiiiiiiiin .

future opportunity will be in improving frequency of dosing and careful planning of clinical
trials. Most of the current delivery platforms require frequent dosing to maintain sustained
gene silencing. While such therapies are feasible to deliver in clinical trials, sustained
delivery methods could ideally reduce the number of clinic visits required for treatment.
Some of these delivery methods (e.g., multistage vectors, dual-assembly nanoparticles) have
shown preclinical evidence of sustained delivery. But, additional work will be required to
refine these approaches for clinical testing.

Given the genomic chaos and instability present in many solid tumors, it is not surprising
that bypass or redundant molecular pathways are activated following many of the current
therapeutics. Such adaptive mechanisms require an iterative process whereby careful
preclinical testing and information-rich early-stage clinical trial designs utilize systems
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biology approaches. Either Phase 0 or Phase 1 trials with pre- and post-treatment biopsies

are an important avenue to learn about adaptive changes. Moreover, Phase 0 studies offer
another unique opportunity for assessing the delivery of nanoparticles directly to the

tumor site. Then, using sophisticated model systems, rational combinations could be rapidly
developed. Adaptive trial designs can further help to limit the number of patients in the
inactive-dose cohorts with the test article and allow faster transition to phase 2 clinical trials.
Nanotechnology-enabled RNAi therapies are ideally suited for carrying out “co-extinction”

of adaptive pathways. Questions related to packaging multiple RNAi molecules in same
nanoparticles vs. loading them separately, but co-administering them is similarly worthy of
additional future investigation.

It is unlikely that biologically-targeted drugs will replace the existing therapies such as
chemotherapy and radiation. Opportunities exist, however, to identify and block targets that
can amplify the anti-tumor response to these traditional therapies. These combinatorial
approaches will likely offer new avenues for not only improving response rates, but perhaps
even cure rates. Another opportunity resides in enhancing immune therapies. Check-point
inhibitors (e.g., anti-CTLA-4, anti-PD-1) have resulted in remarkable efficacy in a fraction of
patients with various tumor types, in particular melanoma’”. There are many reasons why
others do not respond to such therapies at present, but silencing “undruggable targets”
among others related to immune-tolerance represents an opportunity for expanding the
reach of immunotherapies.

Many of the existing delivery methods result in a fraction of the payload being deposited
into the tumor with a large fraction going to other organs, especially liver. Understanding
the physico-chemical properties that allow for enhanced delivery into the tumor represents
an important area of investigation. Moreover, exploiting targeted delivery of nanoparticles
decorated with peptides, aptamers or other approaches might enhance therapeutic ratios.
Clinical regulatory pathways are needed to allow these targeted delivery methods to move
into clinical testing.
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